Certain genes from Lactococcus lactis and Pseudomonas aeruginosa, including the nfxB gene, generate a mutator phenotype in Escherichia coli. The results of this study, together with those of a previous study, support conservation of regulatory sequences in E. coli and P. aeruginosa and suggest that some efflux pumps prevent mutagenicity by exporting mutagenic products of metabolism.
Understanding mutational pathways and the repair systems that operate on them has proved to be important in elucidating the nature of a number of human diseases, including cancer (for instance, for reviews, see references 17 and 22) . The discovery of genes involved in mutagenesis and repair has frequently depended on mutational analysis, and often this involves looking for genes that when inactivated result in a mutator (increased mutagenesis) phenotype (for reviews, see references 29 and 30) . For example, in Escherichia coli the inactivation of either the dam, mutS, mutL, mutH, or uvrD gene leads to loss of the mismatch repair system (13, 26, 34) and loss of the mutY or mutM gene leads to reduced capacity to repair oxidative damage to DNA (5, 27, 35) . The human counterparts to mutS, mutL, mutY, and mutM (ogg-1) have been characterized (2, 38, 44 ; for reviews, see references 9, 21, and 32), and loss of the mismatch repair system or the MutY repair capacity leads to increased cancer susceptibilities in humans (1, 20) . Defining additional genes involved in mutagenesis is therefore of great interest. New approaches may lead to novel mutational pathways. Recently, using a random shotgun cloning approach, we have identified 15 genes in E. coli that when cloned onto a multicopy plasmid result in a mutator phenotype (45) . Twelve of these were not previously known to cause a mutator phenotype when overexpressed. One gene previously shown to increase mutagenesis when overexpressed (8) was not detected in our study. A striking finding from this work is that overexpression of the emrR gene, involved in regulating the EmrAB multidrug resistance pump (25; emr signifying E. coli multidrug resistance [24] ), leads to greatly increased mutagenesis (45) . We have extended this approach by looking for genes from foreign DNA that result in increased mutagenesis when cloned into E. coli on a multicopy plasmid. This analysis might not only identify potential mutational pathways in E. coli by finding genes whose counterparts did not show up in the original study but can also allow the dissection of mutagenic and repair pathways in microorganisms that do not have developed genetic systems that provide mutator screens. In the work reported here, we identify a set of genes from Lactococcus lactis that result in a mutagenic response in E. coli. We also find that only one gene from the opportunistic pathogen Pseudomonas aeruginosa generates a detectable mutagenic effect when cloned onto a specific multicopy plasmid in E. coli. This gene, the nfxB gene (nfx signifying resistance to norfloxacin [19] ), is a regulator of one of the P. aeruginosa multidrug resistance pumps (37; for a review, see also reference 16) and one of the functional counterparts of the E. coli emrR gene, thus extending the association of multidrug resistance pumps and mutagenesis.
We prepared DNA from either L. lactis or P. aeruginosa (ATCC 4109 or ATCC 51007, respectively) and partially digested it with restriction enzyme Sau3AI. We isolated DNA fragments 3 to 5 kilobases in length from an agarose gel and ligated them into the BamHI site of vector pCR2.1-TOPOCam (45), a derivative of multicopy vector pCR2.1-TOPO (Invitrogen, Carlsbad, CA), constructed by inserting a gene conferring chloramphenicol resistance at the PCR cloning site and by eliminating a 1.6-kb PstI fragment (45) . These random shotgun-generated genomic DNA libraries were electroporated into the E. coli frameshift tester strain CC107 [ara ⌬(gpt-lac)5 thi/F Ј 128 lacIZ proA ϩ B ϩ (6)]. It carries a frameshift mutation in lacZ on the F Ј plasmid that reverts only by insertion of a G in a run of six G's. The electrotransformants were directly plated on glucose minimal medium supplemented with phenyl-␤-D-galactoside (P-Gal) and 5-bromo-4-chloro-3-indolyl-␤-Dgalactoside (X-Gal) as previously described (35, 45) . After 4 days of incubation at 37°C, the frameshift mutator candidates were identified as colonies that contained elevated levels of blue papillae, microcolonies growing out from the surface of the agar. Purified colonies were used to prepare plasmid DNA to retransform CC107, to verify that the mutator phenotype was caused by DNA on the plasmid. We estimated the insert size of each plasmid by agarose gel electrophoresis using a supercoiled DNA ladder as a standard (Invitrogen, Carlsbad, CA). We sequenced the 3Ј and 5Ј ends of each insert using two vector primers, 5Ј-CAGGAAACAGCTATGAC-3Ј and 5Ј-TG GCAGAAATTCGATGATAAGCT-3Ј, and identified each insert by BLAST analysis against the annotated genome sequence of L. lactis (3) and P. aeruginosa (39) .
We screened approximately 100,000 transformants and identified 11 inserts from L. lactis and 25 from P. aeruginosa that gave mutator phenotypes. Figure 1 shows the distribution of the inserts on the L. lactis and P. aeruginosa annotated genome maps. The inserts range in size from 0.7 kb to 4.6 kb and are derived from four regions on the L. lactis genome, representing eight distinct insert types, and only one region of the P. aeruginosa genome, representing two distinct insert types, from at least five independent occurrences, among the 25 isolates.
To quantify the results of plate mutator assays, we deter- mined the Rif r (base substitution) and Lac ϩ (frameshift) frequencies in liquid culture (31) . All bacterial genetic methods were carried out as described previously by Miller (28) . Table  1 shows the mutation frequency resulting from each cloned insert. E. coli CC107 measures ϩ1 frameshifts, as mentioned above, and the isogenic strain, CC108 (6), measures Ϫ1 frameshifts, since the F Ј plasmid carries a lacZ mutation that reverts by the loss of a G from a run of six G's. The largest mutagenic effect is seen with the inserts from P. aeruginosa, all of which contain the nfxB gene. The smaller inserts with only the nfxB gene give up to a 600-fold increase for the ϩ1 frameshift and a 170-fold increase (higher in this case for the larger insert) for the Ϫ1 frameshift. The nfxB insert in P. aeruginosa PAO1 B1 results in a significant increase (43-fold) for the base substitutions measured by the Rif r assay. The inserts from the L. lactis genome reveal four regions that generate mutator effects when cloned into E. coli. By examining the length of DNA in each clone, we can pinpoint the gene responsible without further experiments in three cases, dnaA, uvrA, and pi228. The fourth region involves three genes, rnhA, sipL, and purR. Cloning smaller regions by using designed oligonucleotides as PCR primers allows us to examine the effect of an insert containing only rnhA and sipL but lacking purR, as well as inserts containing either rnhA alone or sipL alone. For cloning, we used the following oligonucleotides to prime PCRs for the following genes and species: for rnhA (L. lactis), 5Ј-ATTGGTACTAGTTATTGATTGTGAGTTG GTCGTG and 5Ј-CTATACGAGCTCCTGATGAACCGAC CGCAAGT; for sipL (L. lactis), 5Ј-AATCCGGAGCTCATA CACAAAAAGCGATTA and 5Ј-ATTATTACTAGTGAGA ACGATTGATTGATGAT; for dnaA (E. coli), 5Ј-ATCTACG AGCTCTATCCGCGAAAAATGAAAC and 5Ј-TCCGTAA CTAGTCTGGGTCGCTTCAATTCA; for rnhA (E. coli), 5Ј-ATAAGTGAGCTCTGCCTGACGTACAATGCG and 5Ј-A AACGAACTAGTAAACTTGTGCCGGTATTG; for uvrA (E. coli), 5Ј-CAATAAGAGCTCCTGAATAAGTGTTAAACG and 5Ј-TCTTATACTAGTTCTGGTGGATGCGTCTTA.
The purified product was digested with SacI and SpeI to cleave at sites programmed into the sequence. The digestion mix was ligated into the Topo4 vector that had been cut with the same enzymes, and the ligation product was transformed into E. coli CC107 and plated on X-Gal P-Gal glucose plates with chloramphenicol. Mutator colonies were then analyzed further. From the results shown in Table 1 , it is evident that the gene responsible for the mutator effect is rnhA. The effects of all four regions are significant but not as strong as those seen for the P. aeruginosa nfxB gene (Table 1 ; see below), which stimulates both base substitutions and frameshifts. Although the dnaA, uvrA, and rnhA genes have homologous counterparts in E. coli, an extensive search for E. coli genes that generate mutator effects when overexpressed failed to detect either of these three genes (45) . We therefore cloned each of these three genes from E. coli, using methods described above, and inserted each of them into the overexpressing vector. As Table 2 shows, in two cases, uvrA and rnhA, the E. coli gene did not cause a mutator phenotype, whereas the L. lactis gene did (Table 1 ). The dnaA gene did give a mutator effect, so we can add this gene to the list of these found in E. coli. Given that the effect is weak and a large number of mutator clones containing other inserts were present in the E. coli experiment (45), it is not unreasonable that dnaA and perhaps several other genes escaped detection. Table 3 summarizes the findings of this study that tested foreign genes from two different microorganisms for their mutator effects when the genes were overexpressed in E. coli. (All of these overexpressing clones were also tested in a recA host, and with the exception of the clone carrying pi228, the mutator effects were not significantly reduced [data not shown].) The only gene we detected from P. aeruginosa that gave an effect was the nfxB gene. We found nfxB in 25 clones from several experiments. Overexpressing this gene gave a 620-fold increase in ϩ1 frameshifts and a 43-fold increase in base substitutions. It is striking that expressing a Pseudomonas aeruginosa regulator can have such a large effect in E. coli. The NfxB protein regulates the mex operon that encodes a multidrug resistance pump in P. aeruginosa ( Fig. 2A) . In our previous study (45) , we reported that overexpressing the E. coli EmrR protein caused a significant mutagenic effect, increasing frameshifts by 4,000-fold and base substitutions by 125-fold. This protein is the regulator for an E. coli multidrug resistance pump (Fig. 2B ). An analysis of the base substitution mutations in rpoB in E. coli CC107 induced by overexpressing each of these genes showed a virtually identical spectrum (45; unpublished data) that is diagnostic for replication errors (12, 31) . Clearly, there is a mutational pathway that is revealed by the overexpression of either of these regulatory proteins, even when one of them is a foreign gene, and that involves increasing replication errors. How the signal is transduced from these proteins to the cellular replication machinery is the focus of continuing work. One intriguing possibility is that the failure to synthesize several multidrug resistance pumps, a consequence of overproduction of a common repressor, prevents the elimination of mutagenic intermediates generated in the normal biosynthesis and metabolism of purines and pyrimidines. At some critical concentration these compounds might act as base analog mutagens. There are indications that some of the efflux protein pumps may have evolved to reduce toxic levels of metabolic intermediates (4, 18, 43) . We postulate that several pumps under the control of the EmrR repressor in E. coli are required to eliminate mutagenic intermediates when their concentration exceeds a certain threshold. The overexpression of the P. aeruginosa NfxB protein would have the same effect because it would recognize the same operators to some degree. There is precedent for this, as exemplified by the recent finding that the E. coli nitric oxide sensor NorR recognizes a conserved target sequence in diverse proteobacteria, including P. aeruginosa (42) . There are also precedents for a common regulator of multiple efflux pumps (16, 41) . For instance, in Staphylococcus aureus the MgrA protein regulates the NorA efflux pump (40) , as well as the NorB and Tet38 efflux transporters (40) .
Interestingly, at least one UvrA homolog, DrrC from Streptomyces peucetius, is involved in drug resistance, in this case resistance to daunorubicin, either by binding to DNA or by stimulating a specific efflux system (11, 23) . Thus, the drrC a Values are ratios against the derivatives with no insert in the plasmid vector. ϩ1 frameshifts and base substitutions were measured in E. coli CC107 and Ϫ1 frameshifts were measured in E. coli CC108.
b Gene described in reference 37. 
